Most published studies of olivine-hosted melt inclusions from mid-ocean ridges have been based on a single sample. Here we present a comprehensive melt inclusion study of major and trace elements from a single ocean ridge segment, the FAMOUS segment of the Mid-Atlantic Ridge. The melt inclusion dataset includes 312 olivine-hosted (Mg-number 85^92) melt inclusions from 14 samples distributed along the segment.This permits a more comprehensive assessment of the variability within melt inclusions from a single region, and of the relationship between melt inclusion and lava compositions. One recent question has been the extent to which melt inclusions truly preserve the original melt compositions, or instead are modified by late-stage processes occurring at shallow levels. In the FAMOUS inclusions, major elements have been affected by post-entrapment processes, but trace elements show no evidence of such processes, suggesting that diffusion coefficients for incompatible elements are small. Melt inclusions can be divided into three groups.
Most published studies of olivine-hosted melt inclusions from mid-ocean ridges have been based on a single sample. Here we present a comprehensive melt inclusion study of major and trace elements from a single ocean ridge segment, the FAMOUS segment of the Mid-Atlantic Ridge. The melt inclusion dataset includes 312 olivine-hosted (Mg-number 85^92) melt inclusions from 14 samples distributed along the segment.This permits a more comprehensive assessment of the variability within melt inclusions from a single region, and of the relationship between melt inclusion and lava compositions. One recent question has been the extent to which melt inclusions truly preserve the original melt compositions, or instead are modified by late-stage processes occurring at shallow levels. In the FAMOUS inclusions, major elements have been affected by post-entrapment processes, but trace elements show no evidence of such processes, suggesting that diffusion coefficients for incompatible elements are small. Melt inclusions can be divided into three groups.
(1) High-Mg inclusions are the most primitive and may potentially constrain the composition of the parental magmas that contribute to other melt inclusion and lava compositions. Although their trace element contents range from highly depleted to almost as enriched as the FAMOUS segment lavas, they are on average more depleted and the melts appear to be derived by greater extents of melting than the lavas. (2) Low-Al inclusions occur in the lower Mg-number olivines, and their major and trace element characteristics reflect mixing between high-Mg melt inclusion and lava compositions. (3) High-Al melt inclusions display Al 2 O 3 contents as high as 18·4 wt %, SiO 2 as low as 46·6 wt %, a strong depletion in the most incompatible elements and distinctively low middle to heavy rare earth element (MREE/HREE) ratios. The high Al 2 O 3 and low SiO 2 contents, as well as positive Sr anomalies in some of the high-Al melt inclusions, are best explained by assimilation of plagioclase-bearing cumulates. The trace element variability in the high-Mg melt inclusions is not consistent with a simple continuous melting column and requires pooling of near-fractional melts within the melting regime and a variable mantle source composition. Because the mean composition of these melt inclusions reflects greater extents of melting than the lavas, we propose that the melt inclusions come from the upper portions of the melting regime. Lavas, in contrast, sample the entire melting regime, including low-degree melts from the wings of the regime that are transported more directly to the surface along high-porosity channels. The high-Al, trace element ultra-depleted, low MREE/HREE melt inclusions derive from melting of a residual mantle source formed by previous melt extraction in the garnet stability field. There is a marked lack of correspondence between major and trace element variations in the melt inclusions. This may reflect a combination of processes, such as cumulate assimilation and re-equilibration of the magmas during ascent, which can reset major elements while having little effect on the trace element variations. The melt inclusions are not simply representative unpooled melts from the melting regime and they do not fully reflect the range of melt compositions contributing to the lavas. Their compositions reflect source heterogeneity as well as melting processes, and major and trace element indicators of depth of origin do not correspond. Combined comprehensive studies of lavas and melt inclusions have much more to reveal than studies based on either data source alone.
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I N T RO D UC T I O N
Understanding petrogenetic processes encounters the difficulty that magmas erupted at the surface are not the primitive magmas derived directly from the mantle. One promising approach towards alleviating this problem has been the study of melt inclusions in minerals. Melt inclusions are trapped in minerals at an earlier stage of magma genesis than that at which the lava is erupted, and the host mineral isolates them from subsequent magmatic processes. Thus, melt inclusions in principle record a more primitive stage of petrogenesis than the erupted lava, and may provide a history of the processes that have occurred. This great potential of melt inclusions has long been recognized, and work by Sobolev & Kostyuk (1975) , Roedder (1979) , Lowenstern (1995) , Sobolev (1996) , Frezzotti (2001) , Schiano (2003) and Kent (2008) has led the way to using melt inclusions as petrogenetic tools.
On mid-ocean ridges, particularly influential work was carried out by Sobolev & Shimizu (1993) , in which they identified an ultra-depleted melt inclusion and used it to infer that fractional melts of the mantle could be preserved as melt inclusions. Gurenko & Chaussidon (1995) and Sobolev (1996) then used a suite of melt inclusions to infer fractional melting during polybaric upwelling by showing that depleted melt inclusions were apparently formed at the shallowest depth in the mantle. The concept that arises from this melt inclusion work is that an array of primary melts is generated in the mantle; these melts then mix together to form the parental magmas that subsequently fractionate at various pressures to generate the magmas that are erupted at the surface. This conclusion was previously inferred from the chemical compositions of ocean ridge basalts (Klein & Langmuir, 1987; Langmuir et al., 1992) .
Very unusual melt inclusion compositions are frequently reported, however, that do not conform to this picture. Large positive Sr anomalies or high Ca contents, for example Slater et al., 2001; Danyushevsky et al., 2003 Danyushevsky et al., , 2004 , have been ascribed to localized assimilation of plagioclase-rich assemblages. Van Orman et al. (2002) attributed the extreme depletion in some melt inclusions to re-equilibration of the melts with depleted peridotite during percolation through a low-porosity network, rather than to mantle melting column effects.
This diversity of results and interpretations can be formulated as two competing hypotheses to account for the wide variability found in olivine-hosted melt inclusions in mid-ocean ridge basalt (MORB) (Sobolev & Shimizu, 1993; Sobolev & Nikogosian, 1994; Gurenko & Chaussidon, 1995; Kamenetsky, 1996; Sobolev, 1996; Shimizu, 1998; Sobolev et al., 2000; Slater et al., 2001; Danyushevsky et al., 2002a; Norman et al., 2002; Sours-Page et al., 2002; Font et al., 2007; Kamenetsky & Gurenko, 2007; Laubier et al., 2007; Shaw et al., 2010) . The first interprets the melt inclusions as the products of mantle source heterogeneity, partial melting, melt extraction and transport. Mantle source heterogeneity is required to explain the characteristics of melt inclusions from Iceland, for example, that show Pb isotope compositions strongly correlated with trace element compositions (Maclennan, 2008b) , and from different oceanic island localities (Saal et al., 1998 (Saal et al., , 2005 Kobayashi et al., 2004; Yurimoto et al., 2004; Jackson & Hart, 2006) . The second hypothesis calls on reactions between peridotitic or crustal lithologies and migrating melts Danyushevsky et al., 2003 Danyushevsky et al., , 2004 . This latter hypothesis implies that many melt inclusions cannot be considered reliable petrogenetic indicators to broaden our understanding of mantle partial melting processes, source heterogeneity and melt extraction processes.
Another factor that can influence the compositions of olivine-hosted melt inclusions is post-entrapment diffusion, a process that is particularly important for fast-diffusing species such as Fe and Mg (Danyushevsky et al., 2000; Gaetani & Watson, 2000 . Some recent results on the diffusion of the rare earth elements (REE) (Spandler et al., 2007) suggest that even for trace elements postentrapment re-equilibration may be far more extensive than previously assumed. This has been widely recognized for plagioclase-hosted melt inclusions (e.g. Cottrell et al., 2002) but was assumed to be negligible for olivine-hosted inclusions. If the Spandler et al. (2007) results are correct, then virtually all melt inclusions may have been modified by re-equilibration processes. These results are, however, inconsistent with more recent data for REE diffusion in olivine by Cherniak (2010) . Diffusive effects, therefore, remain an unresolved problem that needs to be considered.
One of the characteristics of most previous work on olivine-hosted melt inclusions in MORB is the lack of representative sampling or a regional perspective. Many of the influential papers are based on inclusions found within a single olivine-rich sample, studied without consideration of the variations in the lavas in the region, or to what extent the sample may or not be representative (e.g. Sobolev & Shimizu, 1993; Kamenetsky, 1996; Sobolev, 1996; Shimizu, 1998; Danyushevsky et al., 2003; Kamenetsky & Gurenko, 2007; Laubier et al., 2007) . The study by Sours-Page et al. (1999 is an exception, but many of their data are for plagioclase-hosted melt inclusions, which have other problems of interpretation. The novel aspect of the present study is that it presents a large set of major and trace element data for multiple (14) samples from the same ridge segment, coupled with an intensive sampling and analysis of the lavas within the same segment (Gale et al., 2009, and in preparation) . Our approach allows certain new questions to be addressed, such as the following. To what extent do regional variations in melt inclusions exist? Are there variations within a ridge segment that may correlate with position in the segment? How well do major and trace elements in inclusions correlate, and how do these variations compare with similar data on lavas from the same region? Is the average melt inclusion a suitable parent for the lava compositions? The large number of melt inclusions, spatial coverage and coupled major and trace element investigation of the same set of inclusions permit a more robust evaluation of the utility and difficulties of interpretation of MORB melt inclusion data.
F I E L D A R E A A N D S A M P L E S E L E C T I O N
Our study focuses on the FAMOUS segment near 36847'N on the Mid-Atlantic Ridge because it is exceptionally well sampled and has a high proportion of relatively primitive lavas and high forsterite olivine-phyric samples, suggesting minimal modification from mantle-derived melts. The segment is 45 km long, and is bounded on the north and south by 25 km offsets from the adjacent AMAR segment to the south and the North Famous segment to the north (Fig. 1) . The volcanic morphology of the FAMOUS segment is marked by small volcanic centers located on the floor of the rift valley, and no clearly defined axial volcanic ridge. There is an extensive lava dataset and a rich history of petrogenetic interpretation in terms of mantle processes and source composition (e.g. Bougault, 1977; Bryan & Moore, 1977; Langmuir et al., 1977; Le Roex et al., 1981; Stakes et al., 1984) . Basalts from the FAMOUS segment were used as the basis of the dynamic melting concept, because of the large variations in trace element composition in high-Mg samples (Langmuir et al., 1977) with no recognizable variations in radiogenic isotope compositions based on the analytical precision at that time. Subsequent work has shown that major element compositions from this segment have a very well-developed 'local vector', which has been ascribed to melting column effects (Asimow et al., 2004; Langmuir et al., 1992) . Therefore, there is evidence in the lavas of a similar mantle melting column signal to that which Sobolev (1996) inferred from the melt inclusion data from a single sample elsewhere on the Mid-Atlantic Ridge.
Fourteen samples from the FAMOUS segment were selected for this melt inclusion study, to encompass a range of compositions and positions within the segment. Indeed, melt inclusions were analyzed in some of the most depleted lavas found at FAMOUS (e.g. ALV527-1) and in the most enriched lava, a true E-MORB (NR-DR-3-4). The sample locations are shown in Fig. 1 ], from 85 to 92. Samples ARP73-10-03 and CH31-DR8 are picrites containing more than 20% olivine phenocrysts (1^5 mm), which result from mechanical accumulation of olivine. The remaining samples are olivine-phyric lavas containing euhedral olivine phenocrysts, and also some resorbed megacrystic olivine.
Primary glass inclusions in the olivine crystals are sub-spherical (10^300 mm in diameter). They contain no daughter minerals and relatively rare shrinkage bubbles, consistent with fast cooling by quenching of the crystals. Cr-spinels are frequent inclusions in the olivine crystals and are sometimes trapped in the melt inclusions, as they probably aided melt entrapment in the olivine.
To have a consistent dataset and to be able to make detailed comparison with basalt variations within the segment, 150 basaltic glasses from both the French and US cruises were selected all along the segment and analyzed for their major and trace element, and Sr, Nd and Pb isotope compositions. These data and their interpretation will be published in a separate paper (Gale et al., in preparation) .
A NA LY T I C A L T E C H N I Q U E S Electron microprobe analysis
Major element compositions of melt inclusions and host olivine crystals were measured with a Cameca SX-100 at Rensselaer Polytechnic Institute (Troy, NY) and a Cameca SX-50 at UMass (Amherst, MA). The following routine was used for glass: an accelerating voltage of 15 kV, a sample current of 10 nA for Na (20 s), Fe (40 s), Si (20 s), Al (20 s) and Ca (40 s), and 50 nA for Mg (50 s), Ti (50 s), K (60 s), Cr (50 s), Mn (50 s), P (50 s), S (50 s) and Cl (70 s), and a defocused beam of 10 mm. For the olivines, we used a beam size of 1 mm and a beam current of 100 nA for Si (30 s), Mg (40 s), Al (40^70 s), Ca (60 s), Fe (40^60 s), Mn (40 s), Ni (40 s) and Cr (40^60 s). The Cameca set of standards (synthetic and natural minerals or oxides) was used for routine calibration, except for Al in glass, which was calibrated on the USGS VG-2 glass standard (Thornber et al., 2002) . Analytical uncertainties were obtained from replicate measurements on the natural glasses USGS VG-2 (Dixon et al., 1991; Thordarson et al., 1996; de Hoog et al., 2001; Thornber et al., 2002) , USGS A99 (Dixon et al., 1991; Thordarson et al., 1996; de Hoog et al., 2001; Thornber et al., 2002) , our in-house standard VE32 and USNM 113716 (Thornber et al., 2002) . The total analytical 2s error, which corresponds to the maximum value between the precision and accuracy of measurements, for the VG-2 basaltic glass was 2·1% rel.
for SiO 2 ; 1·8% for MgO, TiO 2 and Al 2 O 3 ; 2·4% for CaO; 2·7% for K 2 O; 3·4% for FeO; 7^8 % for Na 2 O and P 2 O 5 ; 12% for MnO; and 30% for Cr 2 O 3 . Detection limits for S and Cl were $ 80 and 90 ppm respectively and the total analytical 2s error for S and Cl, including precision and accuracy of measurements, was 15% rel. for S and 40% rel. for Cl for the concentrations analyzed in our inclusions. The internal glass standard VE32 was repeatedly analyzed during the runs to monitor instrumental drift over time. Single analyses reported in Electronic Appendix 2 are normalized to the VE32 standard, for which values are also reported.
No effect of alkali loss was observed on natural glasses of basaltic composition (ALV 981 R23, VG-2, VG-A99 and VE32) under the analytical conditions applied during melt inclusion analysis: 15 kV, 10 nA and a 10 mm beam. This effect exists under these conditions for Si-rich glasses only (e.g. in the following glass standards: pantellerite Ke12 from Kenya, Metrich & Rutherford, 1992 ; subalkaline rhyolite ATHO from Iceland, Oskarsson et al., 1982) .
Laser ICP-MS
Trace element compositions of the melt inclusions and host olivines were measured by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) using a Thermoelectron X-Series ICP-MS system coupled with a pulsed 213 nm ArF Excimer laser (New Wave/ Merchantek) at Harvard University. The laser ablation aerosol is carried to the ICP-MS system by a He carrier gas. Argon is used for the nebulizer gas flow, the auxiliary gas flow and the cooling gas flow. Cross-calibrated pulse counting and analog detection (dual-detector mode) in peak-hopping mode allows the measurement of major and trace elements from a single ablation. The repetition rate on the laser is 10 Hz and the beam diameter ranges between 40 and 55 mm. The dwell time per isotope is 10 ms. The total acquisition time is 180 s with an ablation time of 60^80 s, a starting 40 s and an ending 80 s count on the gas blank. In every run, four of the following glass standards (VE32, BHVO-2G, BIR-2, in-house standard MAR and EN026 10D-3, a MORB standard from Jean-Guy Schilling, University of Rhode Island, USA) are used as calibration standards. These standards have been well characterized by solution ICP-MS measurements. They were analyzed three times, evenly spaced in time, during the experiment, with two standards analyzed every 3^4 samples. One standard (VE32 or VG-2) was also analyzed as an unknown sample (see Electronic Appendix 2). The analytical setup is tuned for optimum performance across the entire mass range before every run, to improve the Gale et al. (in preparation) . Global multi-resolution bathymetry as compiled by Ryan et al. (2009) was used for the regional map (bathymetry in meters below sea level). detection limits for each element. The concentration of calcium, previously determined by electron microprobe with an error of 2·4% rel. (2s), is used as an internal standard (or normalizing element) during the analysis of melt inclusions. The maximum values for the accuracy and precision of the trace element measurements given by repeated analyses of the glass standards (n ¼ 57^106 per standard) and several melt inclusions (n ¼ 3 per melt inclusion) in different runs are 10% (2s) for most elements, 12% for Sc, 15% for Rb, Th, middle REE (MREE) and heavy REE (HREE), 16% for Zn, 30% for U.
Although previously published ion probe data (Shimizu, 1998; Laubier et al., 2007) and LA-ICP-MS analyses on FAMOUS melt inclusions generally agree, discrepancies exist for Y, Eu and Sr (see Electronic Appendix 3). Laser and solution ICP-MS data are, however, extremely consistent between melt inclusions and lavas, and also between in situ analyses and solution analyses on the same lava samples. We therefore removed the concentrations of Y, Sr and Eu data from previously published datasets of FAMOUS melt inclusions that were collected on ion probes.
R E S U LT S
A total of 312 melt inclusions were analyzed and used in the following discussion. In total, 188 new melt inclusions and their host minerals were analyzed for major elements (raw data and data corrected for post-entrapment modification are reported in Electronic Appendix 2). We also include data for 95 olivine-hosted melt inclusions from Laubier et al. (2007) , nine spinel-hosted melt inclusions from sample ARP73-10-03 (Kamenetsky, 1996) and 20 olivine-hosted melt inclusions from Shimizu (1998) from the sample ALV519-4-1. The Mg-numbers of the host olivine crystals range between 85·3 and 92·2.
Melt inclusion^olivine equilibrium and post-entrapment re-equilibration Post-entrapment modifications must be accounted for if melt inclusions are to provide petrogenetic information. Such modifications can occur by crystal growth during cooling and by diffusive exchange with the host mineral or the surrounding melt.
During cooling, olivine crystallizes onto the inclusion wall, lowering the Mg content and Mg-number of the melt inclusion. Other daughter minerals can also occasionally form. Because the FAMOUS melt inclusions show no daughter minerals other than olivine, late-stage crystallization can be corrected for by adding olivine back into the melt until its composition is in equilibrium with the olivine host. This correction is adequate as long as there has not been significant diffusive exchange within the mineral or with the host magma.
The extent to which diffusive exchange modifies melt inclusion compositions depends on the diffusivity of the species in the host crystal, the size of the inclusion and its host, and the partition coefficients of the different elements (Qin et al., 1992 /Mg inter-diffusion between olivine and basaltic melt can be significant at typical magmatic temperatures (Danyushevsky et al., 2000; Gaetani & Watson, 2000 .
Danyushevsky and co-workers (Danyushevsky et al., 2000 (Danyushevsky et al., , 2002 in particular have emphasized the substantial effects of Fe/Mg diffusion on the compositions of melt inclusions. For example, if an inclusion forms at 13008C and cools to 12008C, then significant olivine will have crystallized on the inclusion walls. If the mineral is maintained at 12008C, diffusion will re-equilibrate the inclusion with the large mass of host olivine (which formed at 13008C). This would lead to an inclusion with a much lower FeO content, and yet an Mg-number in equilibrium with the host. Further olivine crystallization would lead to a low Mg-number inclusion, and correction back to the host would lead to the modified 12008C inclusion, not the original 13008C inclusion. The result is a 'low-Fe' inclusion, and indeed, FeO contents of many primitive melt inclusions are lower than the compositions predicted by the liquid lines of descent (LLDs) followed by the lavas (Danyushevsky et al., 2000 (Danyushevsky et al., , 2002a . This effect also affects the abundances of other elements, because the total mass of liquid in the inclusion is less than when it was originally captured.
Diffusive effects could also be important for other elements if diffusion coefficients are high. Spandler et al. (2007) suggested the diffusion coefficients for the REE might be as high as for Fe and Mg, raising the possibility that incompatible trace elements might also be subject to diffusive exchange. More recent measurements of diffusion of REE in Mg-rich olivine (Cherniak, 2010; Spandler & O'Neill, 2010) are two to three orders of magnitude slower, however, which would lead to minimal exchange. We address this issue for trace elements further below, after presentation of the trace element data. Here we turn to the question of whether useful information can still be obtained from the FeO contents of melt inclusions.
First, we used the reverse crystallization program in the Petrolog package (Danyushevsky & Plechov, 2011) and corrected each melt inclusion composition to be in equilibrium with its host olivine using the model of Toplis (2005) for the equilibrium value of K Fe=Mg D Liq=Ol . We assume a pressure of crystallization of 1 bar and an oxygen fugacity of QFM (quartz^fayalite^magnetite). The amount of post-entrapment olivine crystallization derived from the calculation is used to correct the trace-element compositions, using the following partition coefficients:
and a value of zero for all the other elements (i.e. assumed to be perfectly incompatible). We then corrected both lavas and melt inclusions back to equilibrium with Fo 90 olivine to have a common basis for comparison.
Melt inclusion and lava compositions corrected in this way are illustrated in Fig. 2 . The high-Fe end of the inclusion data corresponds to the lavas, but the inclusions range to significantly lower FeO contents (6·3% vs 8%). This deviation toward lower FeO contents is indicative of some Fe loss, which must be corrected for. The continuous-line arrows in Fig. 2 show the trends for correction for diffusive re-equilibration (using the Fe-loss correction program in the Petrolog package; Danyushevsky & Plechov, 2011) . As the correction slopes roughly correspond to the overall trend of the data, estimates of the amount of correction are problematic. Regardless of the exact amount of the re-equilibration correction, however, there are key features in the melt inclusion dataset that will remain. For example, the larger chemical range seen in the inclusions compared with the lavas, and their extension to higher Ca 90 and Al 90 and lower Si 90 , are robust features of the melt inclusion data (Fig. 2a^c) . Danyushevsky et al. (2000) generally corrected all melt inclusions to a constant FeO value, but this approach eliminates any real FeO variations that may have existed in the melt inclusion dataset. A significant range in FeO contents exists in the lavas, so correcting the melt inclusion data to a constant FeO content would eliminate real variations (Fig. 2) . The question then becomes whether there is some other aspect of the data that could be used to estimate an appropriate FeO content for melt inclusions that have undergone Fe loss.
An approach that is promising makes use of the trace element data. Because the trace element abundances The 'reverse crystallization' option of Petrolog (see text for details) was used to correct the melt inclusion data for olivine overgrowth at the inclusion walls (referred to as 'normal' correction in the text). In the lavas, plag þ cpx þ ol fractionation was corrected for manually using a single slope as the slope created by Petrolog was inconsistent with that of the data; olivine fractionation was corrected for using Petrolog. The arrows show the trajectory of the correction for Fe^Mg diffusion between the melt inclusions and the host olivine, as the assumed initial FeO content in the melt inclusion increases (see text and Danyushevsky et al., 2000) .
exhibit such large ranges, and such low concentrations in olivine, corrections for post-entrapment diffusion are minor. Furthermore, there are (imperfect) correlations in the lavas between Fe 90 and Y 90 , Zr 90 , and Yb 90 , and between Ca 90 and Sm 90 , for example (Fig. 3) . The same samples that are offset from the trend of the lavas and have low FeO contents also have high CaO contents. Unlike the major element co-variations, the Fe-loss correction slopes for the major element/trace element plots are at a high angle relative to the trends in the lava data (Fig. 3) . Post-entrapment re-equilibration thus seems to have occurred in the melt inclusions that display low FeO (and high CaO) contents and that deviate from the trend in the lavas.
These systematics suggest an approach to correction for post-entrapment re-equilibration. Instead of correcting all melt inclusions to a constant FeO value, we chose to use the Fe 90^Y b 90 correlation to estimate the initial FeO content in the melt inclusions (Fig. 3a) . For the low-Fe melt inclusions that deviate from the main trend, we use their Yb 90 contents to estimate their true Fe 90 contents. Using these Fe 90 contents, we then correct the melt inclusion compositions for 'Fe loss' with Petrolog. For melt inclusions without measured trace element abundances, we could not use the Fe 90^Y b 90 correlation to estimate FeO contents. In this case, we estimated their 'corrected' FeO contents by comparison with the compositions of other 'corrected' melt inclusions from the same group within the same sample.
These melt inclusions were corrected to FeO ¼ 8·9 wt % in the ARP73-10-03 sample, 8·7 in ARP74-11-18 and CH31-DR8, and 8·4 in G103-20-6. No correction for post-entrapment re-equilibration was required for ALV519-2-3, ALV521-1, ALV524-4 and ALV527-1, but the regular corrections for olivine overgrowth were performed. Only a few melt inclusions were corrected for Fe loss in samples ALV518-3-1, 2, 3 and 4 (only those with initial values below FeO* ¼ 8·5 wt %), and ALV519-4-1. The final melt inclusion compositions, along with the type of correction performed, are reported in Electronic Appendix 2.
Although the method we develop to correct for the effects of post-entrapment re-equilibration processes has arbitrary aspects and is by no means perfect, we would argue that it is based on correlations observed in the lava data and is therefore likely to be more meaningful than assuming a single FeO content for all melt inclusions. Also, trace element variations are not strongly affected by these processes, and Fig. 2 shows that the melt inclusions record more chemical variability than the lavas, independent of correction scheme. As will be shown below, our conclusions are little influenced by the correction scheme adopted. ARP73-10-ARP73-10-ARP73-10-CH31-ALV519-ALV518-3-ALV518-ARP74-11-ALV519-ALV519-2-ALV519-ALV527- 
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Mt. Pluto, are high-Al basalts. It is noteworthy, however, that the high-Al basalts that contain olivines with high-Al melt inclusions also contain high-Mg inclusions (see Table 2 for details on which types of inclusions are found in which samples). In general, the melt inclusions have a set of characteristics that distinguishes them from the lavas. They are mostly higher in MgO, and hence more primitive, than any of the eruptive products. Many of them also are marked by high absolute CaO contents, as seen in Fig. 5e , and also in compositions corrected to Fo 90 , apparent in the high Ca 90 concentrations seen in Fig. 4c than 1·5 wt % Na 2 O, and LLDs from these compositions do not intersect the lava compositions. The depletion is even more clearly apparent in the trace element compositions, as discussed below.
Trace-element compositions
A total of 117 melt inclusions were analyzed for their trace element compositions (Electronic Appendix 2), which makes this dataset unique in the sheer number of melt inclusions analyzed from a single ridge segment. We also include 23 analyses from Laubier et al. (2007) and 20 analyses from Shimizu (1998) for comparison. Representative compositions are reported in Table 1 , and representative trace-element patterns for the different melt inclusion and lava groups are plotted in Fig. 6 . The first striking aspect of the trace element data is its remarkable variability, particularly in extending concentrations to values far lower than found in any lava. The range of the most highly incompatible elements can be more than a factor of 100. Ba, for example, ranges from 0·3 to 59 ppm, and Th from 0·008 to 0·57 ppm. For comparison, minimum values of Ba and Th in the lavas are 15 ppm and 0·16 ppm, respectively. The most depleted compositions are typical of ultra-depleted melt inclusions, such as those reported by Sobolev & Shimizu (1993) , Gurenko & Chaussidon (1995) , and Danyushevsky et al. (2003 Danyushevsky et al. ( , 2004 . The (La/Sm) N ratios of the inclusions (normalized to chondrite C1 values; McDonough & Sun, 1995) range from 0·25 (AE0·10; 2s error) to 1·89 (AE0·25), in comparison with the range of 0·92^2·02 in the lavas (Gale et al., in preparation) . Highly incompatible trace element ratios in the melt inclusions also display large variability (Ba/Th ¼ 47^164; Ba/ Nb ¼1·1^8·5; Nb/La ¼ 0·41^2·21). The second aspect is that, in general, melt inclusion trace element concentrations are lower than in the lavas, even when the effects of fractionation are taken into account. This is evident in Fig. 7 , showing that for both highly and moderately incompatible elements the concentrations in the inclusions are low. Figure 6 also shows that the most enriched inclusions graze the low end of the compositional field of the lavas, and the depleted inclusions are orders of magnitude lower in incompatible elements.
The three compositional groups identified in major elements also possess distinct trace element features. Both high-Mg and high-Al groups contain depleted melt inclusions (Fig. 6 ), but the compositions of the depleted inclusions differ between the groups. High-Al melt inclusions have high HREE concentrations for their low light REE (LREE) and MREE values. This characteristic is also observed in the high-Al lavas, which show an offset in HREE compared with the rest of the lava population (Figs 6 and 7; Gale et al., in preparation) . High-Mg melt inclusions do not have the steep slope in the HREE, and also extend to less depleted compositions. Their (La/Sm) N ranges between 0·28 and 1·89 and Ba concentrations vary between 1·3 and 70 ppm. Low-Al melt inclusions have systematically higher concentrations for all the incompatible elements and display a smaller range of variations than the other melt inclusion groups. This enrichment is not due solely to their slightly more evolved compositions, as will be shown in the discussion. A major difference between the lavas and melt inclusions is the variation in highly incompatible trace element ratios. One of the intriguing characteristics of the FAMOUS lavas is that despite the substantial range in incompatible element abundances, the ranges in incompatible element ratios such as Ba/La (7^12) or Nb/La (1·5^1·8) is rather limited, even over a significant range in concentration. The less depleted inclusions bracket this range, but the most depleted inclusions show marked declines in highly incompatible element ratios, with Ba/La51 and Nb/La50·4.
D I S C U S S I O N Incompatible element diffusive re-equilibration
One of the outstanding questions from the work of Spandler et al. (2007) is whether trace elements such as the REE are influenced by diffusive re-equilibration, as are Fe and Mg. The systematics of the trace element variations can be used to test the importance of re-equilibration. Cottrell et al. (2002) demonstrated in a numerical model that variations in trace elements are strongly dependent on their diffusion coefficient. The data they evaluated indicated that REE abundances in plagioclase-hosted melt inclusions are likely to be affected by re-equilibration, but the variability in natural olivine-hosted inclusions probably reflects the original chemical diversity at the time of entrapment. For the FAMOUS melt inclusions, the standard deviations for the trace element abundances in the different groups of olivine-hosted melt inclusions are inversely correlated with the values of mineral^melt partition coefficients during spinel peridotite melting (Fig. 8) .
Melt inclusions generally show more variability than the lavas for the highly incompatible elements, as would be expected if diffusive effects were minor. The correlation of the standard deviation (Spearman's rank correlation R S ) for the different elements with D peridotite/melt (Cottrell et al., 2002) at a significance level of 0·999 is very good in the melt inclusions (R S ¼^0·90; Fig. 8 ). For comparison, the FAMOUS lavas display a similarly good R S value (R S ¼^0·98). Also, our data show comparable correlations to the complete Mid-Atlantic Ridge (MAR) data (Cottrell et al., 2002) . The larger range in melt inclusion compositions compared with the lavas, and the similar systematics between inclusions and lavas, both argue against diffusive re-equilibration being an important process for the trace elements, because this process should modify (Cottrell et al., 2002) . inclusion compositions to be inconsistent with what is observed in the lavas. These results are consistent with more recent measurements of diffusion of REE in Mg-rich olivine (Cherniak, 2010; Spandler & O'Neill, 2010) that are two to three orders of magnitude slower. Therefore, the trace element diversity in melt inclusions from this study is interpreted as being representative of the trapped compositions.
Origin of the diversity of melt inclusion compositions and their relation to the FAMOUS lavas A conceptual paradigm for the interpretation of melt inclusions is that they reflect the diverse melts from a melting regime that arrive at the surface 'unpooled' . Lavas then result from mixing and fractionation of these melts to form a more average, pooled composition (e.g. Sobolev, 1996) . In this case the melt inclusion compositions should be related to one another as diverse melts from a single melting column. Major and trace elements should be consistent within the inclusion population, with the most depleted inclusions from the top of the melting column corresponding to the highest degree melts at lowest pressures. These shallow, late-stage melts would have relatively high SiO 2 , low incompatible element, low Al 2 O 3 and high CaO contents (e.g. Sobolev & Shimizu, 1993; Sobolev, 1996) . This scenario of diverse melts pooling to form the lavas was developed and supported on the basis of the global systematics of MOR basalt compositions (e.g. Klein & Langmuir, 1987; Langmuir et al., 1992) . A small set of melt inclusion data seemed to provide striking support, showing that within one sample, a whole range of compositions from low-degree, high-pressure melts to high-degree, low-pressure melts could all be present (Sobolev, 1996) . As pointed out by Langmuir et al. (1992) , however, the 'local vector' of the lavas at the surface is simply not consistent with variations within a single melting regime. Furthermore, the evidence from melt inclusions has never been tested by a comprehensive analysis of inclusions from multiple samples that can be compared with abundant lava compositions from the same region. The present study provides such an opportunity.
In general, the FAMOUS melt inclusions have more primitive and more variable compositions than the lavas, as apparent for the major elements in Fig. 5 and the trace elements in Figs 6 and 7. The range in SiO 2 , CaO, Al 2 O 3 and Na 2 O is much greater for the inclusions than for the lavas. For example, at 12 wt % MgO, SiO 2 varies from 47 to 51wt %, Al 2 O 3 from 14 to 18 wt %, and Na 2 O and TiO 2 vary by a factor of two. Because all of these variations occur within the domain where olivine alone is crystallizing, the inclusions must represent diverse parental melts. This could then imply that the melt inclusions are reflecting the diversity of melts from the melting column that are mixed and homogenized to produce the lava compositions. The questions then are: first, are these melts related by different extents of melting within a melting column, and second, is a pooled melt inclusion composition the average parental melt for the FAMOUS lavas?
Major element variations for the melting column model should show coupled changes in Na 2 O, TiO 2 , Al 2 O 3 , SiO 2 and CaO. With greater extents of melting at shallower depths, Na 2 O, TiO 2 and Al 2 O 3 should decrease and correlate with one another as CaO increases (at least until the disappearance of clinopyroxene in the residue) and as SiO 2 increases as a result of the decreasing pressure. It is evident from inspection of Figs 3^6 that these predictions do not correspond to the data. The sequence of decreasing Al 2 O 3 is high-Al, high-Mg and low-Al inclusions, but the high-Al inclusions have the most depleted trace element contents, the high-Mg melt inclusions a large range in trace elements and the low-Al inclusions the highest trace element contents. Furthermore, the depleted high-Al compositions also have the lowest SiO 2 contents.
Trace element variations are also not consistent with melting alone. For example, Fig. 7b shows that the high-Al inclusions are offset to lower Sm/Yb ratios compared with other inclusions and the low-Al lavas. The high-Al lavas share the low Sm/Yb ratios characteristic of the inclusions. The high-Al inclusions and lavas are also largely restricted geographically to the Mt. Pluto region in the rift valley. Melting column processes do not lead to variable Sm at the same Yb content. The high-Al group clearly requires a separate petrogenesis than the other compositions of the FAMOUS segment, a topic we return to below.
The low-Al inclusions are also problematic as representatives of the melting column. Their low Al 2 O 3 contents would imply greater extents of melting, and yet they are more enriched in incompatible elements than the other two groups of inclusions. Many of these inclusions also have negative Sr and Eu anomalies, even though their Mg contents are all too high for plagioclase crystallization to have been significant.
The high-Mg melt inclusions as a group are the most promising melting column candidates. Their substantial range in depletion could result from a fractional melting process, and their very high MgO contents are consistent with mantle melts. We first turn to the origin of the high-Al and low-Al melt inclusions, and show that important aspects of their petrogenesis are related to crustal level processes. We then consider the high-Mg inclusions, whether they can be parental to the FAMOUS lavas, and what they reveal about mantle composition and processes in this region.
High-Al melt inclusions: evidence for melt^rock reaction in the lower crust
The high-Al melt inclusions extend to exceptionally high Al 2 O 3 and low SiO 2 , have very depleted trace element compositions, and have distinctive low MREE/HREE ratios (e.g. Sm/Yb and Dy/Yb) compared with other inclusions. We suggest that these diverse characteristics are not caused by a single set of circumstances, but that the major element signature has become dominated by reaction processes in a cumulate mush pile in the crust, whereas the trace elements largely preserve the mantle history.
Our discussion of the origin of the high-Al melt inclusions needs to take place in the context of recent interest in the generation of high-Al basalts and melt inclusions that have been reported from various mid-ocean ridges. Two hypotheses have been suggested to explain the chemistry of the high-Al, low-Si basalts: (1) Lissenberg & Dick (2008) proposed, on the basis of their observations of gabbros from the Kane Megamullion (238N, Mid-Atlantic Ridge), that high-Al basalts result from the reaction between primitive cumulates and migrating melt in the lower crust; (2) Eason & Sinton (2006) attributed the presence of high-Al basalts in the Galapagos Spreading Center to high-pressure fractionation of clinopyroxene. High-Al melt inclusions have also been reported Slater et al., 2001; Danyushevsky et al., 2003 Danyushevsky et al., , 2004 and explained in terms of melt^rock reaction.
The FAMOUS segment provides a new perspective on these intriguing compositions because high-Al melts have been found both as melt inclusions and as lavas with similar major and trace element signatures. Therefore the petrological process generating high-Al melts is unlikely to be confined to small-scale portions of the crust or mantle, contrary to what has been proposed for some unusual melt inclusion compositions (Danyushevsky et al., 2004) . It must be a process that can generate volumes sufficient for volcanic eruptions.
The first question is whether reaction between primitive cumulates and migrating melts in the lower crust can generate these compositions. Lissenberg & Dick (2008) have proposed that the signal of high-pressure fractionation may be reproduced by melt^rock reaction at crustal levels, where migrating magma dissolves olivine and plagioclase and precipitates high-Mg clinopyroxene. Similarly, Drouin et al. (2009) argued that large clinopyroxene and plagioclase poikiloblasts within olivine-rich troctolites from Integrated Ocean Drilling Program (IODP) Hole U1309D (Atlantis Massif, Mid-Atlantic Ridge 308N) result from intense melt^rock interaction. Although the occurrence of the high-Mg-number clinopyroxenes (Mg-number 86^91) is an important observation and an intriguing problem, we find the hypothesis of Lissenberg & Dick (2008) unlikely. They proposed a first step of troctolite assimilation by a high-Mg melt to produce high Al 2 O 3 and MgO, and a decrease in SiO 2 , FeO and CaO in the melt, leading to high MgO contents that would permit high-Mg-number clinopyroxene to precipitate. However, consideration of phase diagrams illustrates that assimilation of olivine and plagioclase suppresses rather than enhances clinopyroxene stability. This is also evident in models of this process calculated using Petrolog, which show that the magma after assimilation is saturated with olivine only, followed in crystallization sequence by plagioclase, just as would be expected from assimilation of a troctolite. Therefore troctolite assimilation will not lead to poikilitic high-Mg-number clinopyroxene precipitation. In the absence of experimental data to the contrary, there is no evidence that reaction of a high-Mg liquid with olivine and plagioclase causes the precipitation of clinopyroxene, nor that this process mimics highpressure crystallization leading to high-Al compositions.
The second question is whether true high-pressure crystallization of clinopyroxene, as advocated by Eason & Sinton (2006) , can generate the high-Al signature. HighMg-number clinopyroxenes in MORB have usually been interpreted as evidence for high-pressure fractionation, because of the expansion of the cpx stability field at the expense of olivine and plagioclase with increasing pressure (e.g. Grove et al., 1992; Herzberg, 2004; Eason & Sinton, 2006; Villiger et al., 2007) . A general assessment of highpressure crystallization as an explanation comes from calculations of LLDs for primitive melt inclusions from the FAMOUS segment using Petrolog, shown in Fig. 5 . The calculations of LLDs are unable to reproduce the compositions of the high-Al melt inclusions from other inclusion compositions, even at extremely high pressures of crystallization (12 kbar) where clinopyroxene is usually the first to crystallize owing to its expanded phase stability. The high Al 2 O 3 and low SiO 2 contents of high-Al melts cannot be obtained. Furthermore, CaO contents are relatively high (11·4^13·7 wt %) and Sc contents are on average higher in high-Al melt inclusions, ruling out a major role of early crystallization of clinopyroxene. This process alone, therefore, is insufficient to reproduce the extreme compositions of the high-Al melt inclusions.
Mantle^melt re-equilibration
Another model often called upon to produce MORB compositions is mantle^melt reaction at shallow levels (Kelemen et al., 1995; Spiegelman & Kelemen, 2003; Spiegelman et al., 2001; Collier & Kelemen, 2010) . During their migration toward the surface, mantle melts produced at depth become undersaturated in pyroxene as they decompress adiabatically. Where undersaturated melts react with mantle peridotite, they dissolve pyroxene, producing a larger mass of melt, and precipitate a small amount of olivine. This is an incongruent reaction in which pyroxene dissolution produces both olivine and melt. Such reactions can lead to an increase in SiO 2 , CaO and incompatible element concentrations in the melt whereas its Mg-number remains nearly constant, because the added orthopyroxene has higher concentrations of CaO, SiO 2 , and many incompatible elements than the removed olivine. Therefore, mantle^melt reaction can already be eliminated from the list of potential processes responsible for the generation of high-Al melts, as high-Al melts are characterized by low SiO 2 contents and highly depleted incompatible element concentrations, not the higher SiO 2 contents produced by orthopyroxene dissolution.
Melt^rock reaction in the lower crust
A successful model for the high-Al major element signature comes from assimilation of plagioclase-rich cumulates in the crust. Such a model is supported by the positive Sr anomaly that occurs in several of the compositions ( Fig. 6 ; Sr/Sr* ¼ 1·80^1·99). The occurrence of even higher positive Sr anomalies (Sr/Sr* ¼ 2·1^34·6) has been reported in melt inclusions from several MORB samples from the MAR and East Pacific Rise Danyushevsky et al., 2003 Danyushevsky et al., , 2004 and in samples from Iceland (Slater et al., 2001) . These studies showed that these unusual inclusions are usually trapped in high-Fo olivine phenocrysts and display a range of incompatible element concentrations, but are most often ultra-depleted (Danyushevsky et al., 2004) . They display high Al 2 O 3 and CaO contents and low Na 2 O and TiO 2 contents. High-Al melt inclusions from our study also display an ultradepleted signature in trace elements, and four of them exhibit a Sr anomaly; on average, high-Al melt inclusions are characterized by similar to slightly lower CaO contents and higher Na 2 O than high-Mg and low-Al inclusions.
To explain the high-Sr melt inclusions found in MORB samples, Danyushevsky et al. (2004) proposed a model of dissolution^reprecipitation between a crustal gabbro (plagioclase þ clinopyroxene þ olivine) and an interstitial melt. These authors suggested that reactions between primitive melts and plagioclase result in the crystallization of aluminous spinel (Bedard et al., 2000; Danyushevsky et al., 2003 Danyushevsky et al., , 2004 ). This possibility is strongly supported in the FAMOUS area. Fisk & Bence (1980) showed that FAMOUS sample ALV527-1-1, a high-Al lava that contains both high-Al and high-Mg melt inclusions, has three groups of spinel phenocrysts: (1) aluminous spinels [Cr-
(2) Cr-rich spinels (Cr-number ¼ 0·42^0·47) with reaction coronas; (3) spinels that are intermediate in Cr and Al and constitute the last generation of spinel to crystallize. Experiments were able to reproduce two of the spinels, but not the high-Al spinels (Fisk & Bence, 1980) . The existence of the high-Al spinel and the experimental failure would be explained if aluminous spinel were the product of reaction between plagioclase and magma, as suggested by the researchers cited above.
On the strength of this evidence, we modeled assimilation of plagioclase þ olivine and plagioclase þ olivine þ clinopyroxene cumulates by (1) a representative high-Mg melt inclusion and (2) a parental melt of the lavas (i.e. in equilibrium with Fo 90 olivine) that is undersaturated with plagioclase and clinopyroxene at crustal pressures (Table 3 ). The compositions of the phases involved in the reaction match those at the onset of plagioclase and clinopyroxene crystallization along the LLDs of possible low-Al and high-Mg parent magmas. Two examples of the tested reactions are presented in Table 3 . All reactions produce an increase in Al 2 O 3 and a decrease in SiO 2 and FeO, along with positive Sr anomalies and a depletion in incompatible elements (Fig. 9) . These are robust characteristics of the calculations independent of parental magma. We therefore attribute the major element features and the positive Sr anomalies of the high-Al melt inclusions to crustal assimilation processes.
Most of the trace element characteristics of the high-Al inclusions, however, cannot be replicated by this assimilative process. In particular, diluting the incompatible elements enough is not possible without creating a high Ba/Th ratio, and the low MREE/HREE ratios are never recovered (Fig. 9 ). This remains true even with the addition of clinopyroxene in the cumulate. These simple calculations show that the very depleted highly incompatible element contents and the low MREE/HREE ratios in most of the high-Al inclusions cannot be the result of assimilation and/or fractional crystallization processes. A similar conclusion was reached by Maclennan (2008a) for Icelandic inclusions and by Gurenko & Sobolev (2006) for Icelandic glasses. We view these characteristics of the high-Al inclusions, therefore, as indicative of their parental magmas. Models for their occurrence are presented in a subsequent section.
There is one other important and serendipitous result of these calculations. One of the curiosities of MORB has been the existence of very high-An feldspars (up to An 90 ), which occur in FAMOUS lavas (Stakes et al., 1984; le Roex et al., 1996) and are rather widespread in plagioclase-phyric basalts (e.g. Nielsen et al., 1995; Sours-Page et al., 1999) . In general, primitive MORB are in equilibrium with An 85 plagioclase, although of course this varies with Na 2 O content. No observed lavas at the surface have An 90 plagioclase on the liquidus, so the relatively common occurrence of such phenocrysts and megacrysts has been mysterious. They are often large with complex zoning profiles and a 'moth-eaten' texture, suggesting a history of disequilibrium. Troctolite assimilation and recrystallization provide a simple solution to this mystery. In the assimilation models, there is early appearance of An 95 plagioclase around MgO ¼11wt % at 1kbar. Indeed, Nielsen et al. (1995) experimentally generated high-An plagioclase phenocrysts by adding olivine and plagioclase to their starting compositions. Troctolite assimilation in the lower crust could then be a mechanism to generate the high An contents, the very large plagioclase phenocrysts with complex resorption patterns and zoning profiles, the highly phyric lavas and the very low TiO 2 contents of the high-An hosted melt inclusions (e.g. Sours-Page et al., 1999) .
The calculations also show further the problems with the Lissenberg & Dick (2008) suggestion that troctolite assimilation leads to high-Mg clinopyroxene. After troctolite assimilation, clinopyroxene crystallizes in the hybrid melt at similar or slightly lower temperature and MgO contents in the melt (7·9 wt %) compared with those prior to assimilation. The first cpx to crystallize has a Mg-number of 85 and is in equilibrium with an An 78 plagioclase and Mg-number 84 olivine. Clinopyroxenes that crystallize from the melt after assimilation are not characterized by higher Mg-number than those expected from a normal melt. We return to the origin of the poikilitic high-Mgnumber clinopyroxenes further below.
Low-Al melt inclusions: evidence for crustal mixing between high-Mg inclusions and crustal lava compositions
The low-Al melt inclusions occur in lower Fo olivines and appear to be closer in composition to the low-Al lavas of the FAMOUS segment. Careful consideration of their major and trace element characteristics, however, suggests they are in fact hybrid compositions formed by mixing between high-Mg inclusion and low-Al lava compositions.
The first puzzle regarding the low-Al melt inclusions is their low Al 2 O 3 content. Lower Al 2 O 3 can be produced by higher extents of melting of the mantle, but these inclusions have higher incompatible element and HREE abundances than the high-Mg inclusions (Figs 6 and 7) . Inspection of Fig. 7 also shows that low-Al inclusions have negative Sr anomalies, suggesting removal of plagioclase; however, their steep negative slope on the MgO^Al 2 O 3 diagram and their high MgO contents show that plagioclase would not have crystallized. The inclusions also have very steep slopes on MgO^Na 2 O and MgO^TiO 2 diagrams, which are inconsistent with the LLDs calculated from the inclusion compositions (Fig. 5) . These slopes are even steeper than what would be observed for ol þ plag þ cpx crystallization at far lower MgO contents.
All of these observations are rectified if the low-Al inclusions are mixtures between high-Mg inclusion and low-Al lava compositions. For example, Fig. 10 shows a plot of Sr vs Pr content for the high-Mg and low-Al inclusions. Data for the high-Mg melt inclusions form a trend that intersects the origin, consistent with the similar geochemical behavior of these two elements in the absence of plagioclase. The low-Al melt inclusions form a scattered array ranging from the field of high-Mg inclusions towards the lavas, suggesting mixing. The mixing hypothesis also explains how these low-Al melt inclusions could have negative Sr anomalies at such high MgO contents, as the low-Al lavas will impart their negative Sr anomaly signature to the Nd  2·983  1·892  5·49  3·49  2·163  Sm  1·205  0·752  1·71  1·09  0·905  Eu  0·491  0·351  0·64  0·46  0·450  Gd  1·875  1·167  2·49  1·60  1·722  Tb  0·350  0·215  0·45  0·28  0·345  Dy  2·483  1·540  3·02  1·94  2·658  Ho  0·530  0·328  0·66  0·42  0·632  Er  1·524  0·943  1·89  1·21  1·883  Yb  1·583  0·974  1·87  1·18  2·106  Lu  0·254  0·159  0·29  0·19  0·332  Hf  0·583  0·359  1·14  0·70  0·524  Ta  0·052  0·032  0·30  0·19  0·042  Th  0·031  0·019  0·32  0·19  0·016 
The mineral compositions represent average compositions of Mg-number 86 olivine and An 83 plagioclase phenocrysts from FAMOUS samples, and spinel compositions from ALV519-4-1 (Fisk & Bence, 1980) . Two scenarios with their starting and final melt compositions (a high-Mg trace element depleted melt inclusion and an average parental melt of the low-Al lavas) and the reaction coefficients are reported. Only the results of the assimilation from the high-Mg melt inclusion are shown in Fig. 9 . The composition of a high-Al melt inclusion is reported for comparison. Table 3 . Arrows represent the chemical changes produced by the assimilation process. The trace element composition of the assimilant (Table 3) is shown in the trace element diagram. Although the assimilation process can account for the major element characteristics of the high-Al melt inclusions, the low MREE/HREE ratios are not reproduced. Symbols as in previous figures.
low-Al inclusions. Similarly, their steep slope on the MgOT iO 2 and MgO^Na 2 O plots (Fig. 5) , and their lower Al 2 O 3 contents are also explained if the melt inclusions result from this mixing process. Also, it would be for this reason that the trace element patterns of the low-Al inclusions, seen in Fig. 6 , so closely match the lavas but at lower overall abundances. Injection of a high-Mg melt composition into a body of magma with a low-Al lava type composition would lead to crystallization of moderately high Fo olivine, and incorporation of these hybrid low-Al type compositions into the olivines.
Origin of the high-Mg melt inclusions
It thus appears that two of the three melt inclusion groups are strongly influenced by mixing and hybridization processes taking place within the crust or shallowest mantle lithosphere. The third type of inclusion, the high-Mg inclusions, provide an initial melt composition that is then modified by crustal processes to produce the high-Al major element signature, and the low-Al major and trace element signature. The 'mantle signal', then, lies in the overall diversity of the high-Mg inclusions (as well as the diagnostic trace element characteristics of the high-Al inclusions).
The high-Mg melt inclusions are characterized by a large range of trace element compositions, from ultradepleted to transitional MORB. At the outset, fractional crystallization can be easily ruled out as a major factor in controlling the trace element variations, as major elements show that the inclusions crystallized only olivine before their entrapment in the host crystals (Fig. 5) , and incompatible element ratios are unchanged by olivine crystallization (Fig. 11) . The large trace element variations in the high-Mg and high-Al melt inclusions must therefore be interpreted in terms of mantle melting processes, with a potential role for mantle source heterogeneity.
Certain aspects of the trace element data might appear to be consistent with a simple melting sequence (Figs 6 and 7). For example, the linear trend in the La/Sm vs La plot in Fig. 12a is consistent with batch melting. However, extreme variability in incompatible trace element ratios such as Ba/La (2·4^14·9) and Nb/La (0·63^1·87) cannot be accounted for by batch melting. The curvature of the high-Mg melt inclusion trend in the Ba/La vs Ba plot (Fig.  12b ) appears instead to support a fractional melting process, which would be consistent with the concept of the melt inclusions representing fractional melts from the melting regime (e.g. Sobolev & Shimizu, 1993; Chaussidon, 1995; Sobolev, 1996) . Closer inspection of the data, however, reveals that fractional melting is also not a sufficient model to account for the data.
Because many of the fractional melts produced in the melting regime are ultimately pooled, evaluation of fractional melting is difficult. The data need to be considered as potential mixtures of diverse fractional melts. To address the question of whether the trace element variations in the melt inclusions could be generated by mixing between instantaneous near-fractional melts, we have modeled behavior of trace elements during polybaric melting using the algorithm pHMELTS (program adiabat_1ph; Smith & Asimow, 2005) . pHMELTS provides a useful template for trace element modeling by varying residual mineralogy and partition coefficients during melting ( Figs 12^14) . In all the melting models presented below, we used an oxygen fugacity of QFM and the set of partition coefficients provided by default in the program that vary with pressure. As will be shown below, important constraints come from the systematics of the melt inclusion compositions, which do not depend on the choice of partition coefficient values.
We also need to select a source composition that allows us to match the most enriched values in the highly incompatible trace element ratios (e.g. Ba/La as high as 14·9; Nb/La as high as 1·87). The composition of a depleted MORB mantle (DMM; Salters & Stracke, 2004 ) is far too depleted to produce the transitional (T)-MORB compositions of the most enriched high-Mg melt inclusions. A more reasonably enriched source composition, reported in Table 4 , is composed of 60% DMM (Salters & Stracke, 2004) and 40% of the incompatible element-enriched source ('metasomatized source' in Table 4 ) that was previously defined to explain the enriched lava compositions at the Lucky Strike and Menez Gwen segments north of FAMOUS (Gale et al., 2011) .
Given a source that can account for the most enriched compositions in the high-Mg melt inclusions, we also need to reproduce the most depleted compositions of the high-Mg group (with Ba/La ratios as low as 2·4), as well as the strong curvature in the high-Mg melt inclusion data in the Ba/La vs Ba plot (Fig. 12b) . Both features require a near-fractional melting process, with a maximum amount of 2 wt % melt retained in the residue. Higher melt porosity in the source would not only be physically unrealistic but would also preclude the extremely low Ba/ La values in the most depleted compositions.
Because fractional melting leads to such large changes in incompatible element ratios, and because each increment of melting yields a potential mixing end-member, it would appear that mixtures of fractional melts might account for any of the data, and this is a hypothesis that would be difficult to refute. For example, in Fig. 12b , the high-Mg inclusions occupy the field enclosed by pure fractional melting and a mixing curve between a deep low-degree fractional melt and a shallow high-degree fractional melt. When combined with the potential effects of mantle heterogeneity, it becomes difficult to refute any model.
In fact, the situation is not so dire, and it can be simply shown that mixing of diverse fractional melts from a single source does not account for the data. Mixing models require that the sequence of compositions have the same relative placement between mixing end-members in all aspects of compositional space. Figure 13 highlights one group of high-Mg melt inclusions with a different symbol to make use of this simple test. In Fig. 13a , the open cross symbols plot exactly on the mixing line between smallest and greatest degree fractional melts. The remaining inclusion data plot closer to the curve of unmixed fractional melts. In Fig. 13b the positions are reversed: the open cross symbols are furthest from the mixing curve, and the remaining data plot along it. Therefore no mixing model of fractional melts can account for these data.
In contrast, source heterogeneity does account for the spectrum of compositions. Figure 13 also illustrates melting curves for diverse sources. In contrast to the case for fractional melting of a single source, the two groups of high-Mg melt inclusions show the same relative positions with respect to source variation. The open crosses plot between the curves for pooled fractional melts of the intermediate source and fractional melts of the enriched source, whereas the remaining data plot along the extension of the pooled melt curve for the intermediate source. This systematic variation suggests further exploration of source heterogeneity as an explanation for the diversity of the high-Mg inclusions.
Source heterogeneity is also strongly supported by a parallel study of the lavas from the FAMOUS ridge segment carried out by Gale et al. (in preparation) . Lavas from this region display substantial variations in their radiogenic isotope composition that correlate with their trace element ratios. For example, La/Sm, La/Yb, Zr/Nb and Nb/La in the lavas correlate with Pb and Nd isotope compositions. Gale et al. (in preparation) have developed a straightforward model that accounts well for both trace element and isotope diversity in the erupted 'normal' lavas (a separate petrogenesis is required for the high-Al lavas, as for the high-Al melt inclusions, as discussed below). The model simply creates an array of sources that are mixtures between two end-membersça metasomatized enriched source created by addition of a low-degree melt of the (Table 4) are shown for near-fractional instantaneous (stars; 2% of melt is retained in the residue) and pooled (circles) melts. Pressures (in kbar) and melting extents (F in wt %) are indicated; symbols on the melting curves represent 1 kbar decompression steps. A mixing curve between a low-degree and a high-degree instantaneous near-fractional melt is also shown. Crosses track the compositions of melt inclusions that plot along the melting curve in the (La/Sm) N vs La plot (a). It should be noted that these compositions show highly variable Ba/La ratios and are not consistent with a melting trajectory in the Ba/La vs Ba plot (b). Symbols as in previous figures. Lava compositions in equilibrium with Fo 90 are reported as compositional fields (Gale et al., in preparation) . Fig. 12 ; between 19 kbar, 2·1% and 3 kbar, 25%), DMM (Salters & Stracke, 2004 ; 21 kbar, 2·6% to 3 kbar, 25%) and a metasomatized source (19 kbar, 2·8% to 3 kbar, 25·5%) are shown for near-fractional instantaneous melting (2% melt retained in the residue). Symbols on the melting curves represent 1 kbar decompression steps. Pooled melts (circles) are also plotted for the three source compositions. The mixing curve between a low-degree and a high-degree instantaneous near-fractional melt from the mixed source (Fig. 12) is also shown. Compositional fields (in equilibrium with Fo 90 ) are indicated for the FAMOUS low-Al lavas (Gale et al., in preparation) . Open crosses represent melt inclusions that plot in the vicinity of both the mixing trajectory and the melting curve of the metasomatized source in the Ce vs Yb diagram (a). In the La/Yb vs Ba plot (b), these melts have a constant La/Yb ratio and plot towards the melting curve of the metasomatized source rather than close to the mixing curve. This observation shows the contribution of source heterogeneity to the generation of the compositional variability observed in the high-Mg melt inclusions. Gale et al. (in preparation) to explain the trace element and isotopic compositions of the FAMOUS lavas is illustrated here for an array of sources that are mixtures between two end-membersçthe metasomatized enriched source (Gale et al., 2011) and the Salters & Stracke (2004) DMM. The sources contain 100%, 75%, 50%, 25% and 0% DMM respectively. These source mixtures are then melted to varying extents (5^25 wt %). Decompression near-fractional melting curves modeled with pHMELTS (with 2% of melt retained in the residue; as described in the text and previous figures) are indicated for the two end-member sources. The three large symbols (star, diamond and triangle) correspond to three melt inclusion compositions that can be tracked from plot (a) to (b) as they consistently record three different source compositions and melting extents. Similar to what is proposed for the lavas (Gale et al., in preparation) , most high-Mg melt inclusion compositions can be explained as pooled melts from various source compositions; they are, however, characterized by much higher melting extents. The most depleted high-Mg inclusions still require near-fractional melting. Lava compositions in equilibrium with Fo 90 are illustrated as compositional fields (Gale et al., in preparation).
DMM
Azores hot spot source (Gale et al., 2011) , and a depleted mantle source, the Salters & Stracke (2004) DMM. These source mixtures are then batch melted to varying extents. The source is constrained by the isotope data, and the extent of melting is constrained by the trace elements. This model is able to reproduce accurately the entire range of isotope and trace element variations in the low-Al lavas to remarkable precision [see also the concept of 'dynamic source' defined by Kamenetsky & Maas (2002) for a single MORB suite from Maquarie Island]. The success of the source heterogeneity model for the lavas raises the question of its applicability to the high-Mg melt inclusions. The Gale et al. (2011) model creates a 'grid' of predicted compositions based on source variation and extent of melting. Figure 14 displays similar grids on plots of La vs Sm and Nb vs Yb, with both lavas and high-Mg melt inclusions shown. The high-Mg inclusions overlap with the most depleted lavas, but extend to much lower abundances, suggesting a similar range of sources but overall higher mean extents of melting than the lavas. Notably, melt inclusions also record both lower and higher proportions of the enriched source than the lavas. Therefore a successful model for most of the high-Mg inclusions is an extension of the model for the lavas, with the melt inclusions sampling a greater diversity of sources, as would be expected.
What is unexpected is that the melt inclusions also sample higher extents of melting than the lavas. This was previously demonstrated by the trace element patterns presented in Fig. 6 . The melt inclusion data are all at lower abundances than the lavas, and this fact remains true even when the inclusions and lavas are corrected to the same extent of fractionation, back-tracking the compositions of the lavas to be in equilibrium with Fo 90 olivine (as has been done for the lavas plotted in Figs 12^14) .
It should be noted that the most depleted melt inclusions are not explained by this model. The very low Ba and Ba/ La are even more depleted than DMM. These rare compositions require high-degree near-fractional melts as one contribution to the spectrum of high-Mg lavas. Most of the inclusions, however, are consistent with pooled melts from the same spectrum of source compositions required by the lavas. This model is testable by isotope measurements of melt inclusions, although this is currently beyond technical capability for these low-abundance samples.
There is one more intriguing aspect to the high extents of melting suggested by the high-Mg inclusions, A particularity of the melt inclusion compositions is the high CaO contents (i.e. higher CaO contents than in the lavas) and high CaO/Al 2 O 3 (40·9) in some inclusions. This major element characteristic is consistent with the conclusion that the melt inclusions are derived by high extents of melting from the top of the melting regime. As long as such melts are still formed when clinopyroxene is present in the residue, they will have the highest CaO contents of any melts within the melting regime. When an LLD is calculated using Petrolog from the high CaO/Al 2 O 3 inclusion compositions, the sequence is olivine, olivine þ cpx, then DMM composition is from Salters & Stracke (2004) . The metasomatized source corresponds to the source fitted to explain the geochemistry of the Lucky Strike and Menez Gwen enriched lavas (Gale et al., 2011) . The mixed source composition corresponds to a composition of c. 60% DMM and 40% metasomatized source, with proportions selected to reproduce most of the high-Mg melt inclusion compositions. The depleted source corresponds to the residue of 4% of near-fractional melting (near-fractional melting with 2% of the melt retained in the residue) of an enriched Azores-like source in the garnet regime.
olivine þ cpx þ plg, even at low P (1bar). This sequence has also been observed in some FAMOUS lavas that display the same characteristic of high CaO/Al 2 O 3 40·86 at 1kbar. Also, LLDs calculated from experimental lherzolite melts of DMM1 and MM3 show the same difference in their crystallization sequence, depending on the starting CaO/Al 2 O 3 of the melt. For example, an F ¼ 2% melt from DMM1 has a CaO/Al 2 O 3 of 0·74 (Wasylenki et al., 2003) , and crystallizes olivine, olivine þ plag, and olivine þ plag þ cpx at 1kbar, as is classically observed in MORBs. However, an 11% melt with a CaO/Al 2 O 3 of 0·96 crystallizes olivine^olivine þ cpx^olivine þ cpx þ plag. The same difference is observed between a 7% melt of MM3 (CaO/Al 2 O 3 ¼ 0·63) and a 22% melt (CaO/ Al 2 O 3 ¼ 0·98) (Baker et al., 1995; Hirschmann et al., 1998) . The high-F experimental liquids from peridotite melting have CaO contents that are comparable with or higher than those of the high-Ca melt inclusions. Therefore, although insufficient correction for post-entrapment re-equilibration can result in higher CaO abundances, these observations suggest that the melt inclusion compositions may not be anomalous in their CaO content, and that the distinctive sequence of crystallization observed from the high-Ca inclusions is consistent with sequences obtained for both lavas and experimental melts that display similar high CaO/Al 2 O 3 signatures. This signature supports high degrees of melting at the top of the melting column. This possibility of clinopyroxene appearing before plagioclase on the liquidus permits the crystallization of high-Mg-number clinopyroxene, and may be an explanation for the origin of the high-Mg-number poikilitic clinopyroxenes reported by Lissenberg & Dick (2008) . High-degree melts from the top of the melting regime have high-Mg-number cpx on the liquidus, which precipitates when these liquids cool and encounter lower crustal cumulates.
Origin of the parental melts for the high-Al melt inclusions
High-Al melt inclusions display distinctive trace element characteristics (i.e. ultra-depleted concentrations and low MREE/HREE ratios), which imply a different petrogenesis for these melts. A key line of evidence is shown in Fig. 15b , which illustrates that the offset in the low MREE/HREE melts towards higher Yb contents for a given Sm content cannot be reproduced by mixing of melts derived from a single melting column of a homogeneous mantle source. Another line of evidence is that Na 2 O contents vary consistently with Yb contents; for a given TiO 2 content, Na 2 O is generally higher in high-Al melt inclusions than in the rest of the inclusions (Electronic Appendix 4).
All of these characteristicsçultra-depleted values of incompatible elements, low MREE/HREE, and slightly high Na 2 Oçcan be explained by melting of a source that has undergone previous melting in the garnet stability field (Fig. 15) . Residual garnet in the first melting event would retain the HREE preferentially, leading to a source with low MREE/HREE ratios; removal of the melt would also produce very low incompatible element contents and depleted incompatible element ratios. Na is characterized by an increase of the partition coefficient between clinopyroxene and melt with pressure (Blundy et al., 1995) . Melting in the garnet field therefore would also cause Na to be retained more in the residue than at lower pressure; when this residue melts again, Na concentrations would therefore be higher in the resultant melts.
The sequence of events involves a first step of deep melting of a garnet lherzolite; the solid residue then moves upward and melts in the spinel stability field to produce liquids with distinctively low MREE/HREE ratios. The extent of melting in the garnet regime necessary to obtain MREE/HREE ratios consistent with the melt inclusion data depends on the starting mantle composition; some melt retention is also necessary to prevent over-depleting the source. If an enriched Azores-type mantle is the starting composition (the most likely enriched mantle to start melting deep and be transported along the ridge), continuous melting in the garnet stability field with one step of melt removal (F ¼ 4 wt %) with 2 wt % of melt retained produces a possible source (see Table 4 ). This first melting of an enriched mantle in the garnet stability field strongly depletes incompatible trace element contents in the solid residue, fractionates highly incompatible element ratios such as Ba/La, Ba/Nb and Rb/Nb, and leads to low MREE/HREE because of retention of the HREE in garnet. The compositions of the most depleted high-Al melt inclusions with the lowest MREE/HREE ratios can then be reproduced by $12^17% near-fractional melting of that residue in the spinel regime (Fig. 15) . Our melting and source generation model for the high-Al, low MREE/ HREE melts is similar to the concept of mantle preconditioning proposed by Pearce (2005) , in which small fractions of melt, preferentially from enriched 'plum' componentsç here from the Azores plume materialçare extracted at depth from the asthenosphere during its flow to the major site of magma generation.
It should be noted that this explanation does not account for the distinctive major element compositions of the high-Al inclusions, nor the positive Sr anomalies in some of them. As noted above, we attribute the high Al 2 O 3 , low SiO 2 and positive Sr anomalies to reaction of primitive high-Al melts, produced as described in the previous paragraph, with troctolitic compositions in the lower crust. This interaction produces changes in major elements and trace elements such as Sr that are enriched in the plag-bearing cumulates, but does not change the MREE/ HREE ratios (Gurenko & Sobolev, 2006 A decompression melting curve from a depleted residue left after melting in the garnet stability field is shown for near-fractional instantaneous melts (stars; 2% melt retained) and pooled (filled circles) melts. The instantaneous near-fractional (hexagons; 2% melt retained) and pooled (open circles) melting curves for DMM (Salters & Stracke, 2004) are shown for comparison. Symbols on the melting curves represent 1 kbar decompression steps. (See text and Table 4 for the source compositions and details of melting modeling.) Lava compositions in equilibrium with Fo 90 are indicated as compositional fields (Gale et al., in preparation) . Danyushevsky et al., 2004) , this effect requires much larger extents of assimilation than can be accommodated by the elements that are most sensitive to this process (e.g. Sr, Ba). For this reason the ultra-depleted character of these inclusions must also be inherited from their parental magmas.
Implications for melt formation and segregation
The results of this study have significant implications for the scale and character of mantle sources beneath the FAMOUS segment, the pathways of melt to the surface, and the character of shallow mixing at the ridge axis.
As shown above, the diversity of high-Mg melt inclusions is best explained as a product of variable extents of melting of source regions with large magnitude variations in trace element composition. These results are consistent with the variations observed in the lavas, which demonstrate significant isotopic heterogeneity in the mantle beneath the FAMOUS segment (Gale et al., in preparation) . Isotopes and trace elements in the lavas correlate in ways that are entirely consistent with the model for the melt inclusions. This extensive heterogeneity still does not, however, account for the trace element characteristics of the high-Al melt inclusions and lavas, which require an additional source and process.
Although it is difficult to infer the scale of heterogeneity in the mantle source, there is information on the scale of heterogeneity in the erupted lavas. The high-Al, low MREE/HREE samples are mostly geographically restricted to Mount Pluto near the center of the FAMOUS segment, with the exception of samples CH31-D8 and CH31-D12 (Bougault & He¤ kinian, 1974) , samples CYA74-30-32 and CYA74-30-34 from the northeastern flank of Mount Venus (Arcyana, 1977) , all collected on the inner floor of the rift valley, and three samples located on the northern fracture zone (ARP74-14-31, ARP74-14-32 and ARP74-14-33). The volcanic cones of Mount Venus and Mount Pluto that constitute the inner floor of the FAMOUS axial valley consist mainly of picritic and olivine basalts and are thought to result from the most recent volcanism in the area (Bougault & He¤ kinian, 1974; He¤ kinian & Hoffert, 1975; Harpp & White, 1995) . Even though some of the high-Al lavas are not located in the vicinity of Mount Pluto, almost all of them were collected on the inner floor of the rift valley and are therefore likely to be amongst the most recently erupted lavas. It therefore appears that high-Al, low MREE/HREE lavas result from a late stage of volcanism, erupting a new batch of magma that exhibits specific characteristics in major and trace elements. At the same time, the melt inclusions in these lavas consist of both the high-Al and high-Mg groups, raising the possibility that batches of both liquid compositions were present simultaneously.
The question of temporal variability is not easily resolved, because it is possible that ascending magma captures olivines from older liquids with a different composition. Although the question of temporal variation vs simultaneity cannot be resolved in detail, the fact remains that the entire spectrum of lava and inclusion compositions exists along an $2 km wide swath of the rift valley floor. Volumes of single lava flows must be small, as indicated by the detailed mapping of lava compositions originally carried out by Bryan & Moore (1977) . Therefore discrete melts that sample discrete mantle domains are able to arrive at the surface and produce small lava flows containing an even greater diversity of inclusion compositions. Mantle heterogeneities are 'small' (kilometer scale), and can be effectively preserved from mantle source to the liquid arriving at the surface. This is consistent with work by Kogiso et al. (2004) on diffusive equilibration of mantle heterogeneities that has shown that mantle domains as small as a few meters wide can retain and produce melts with distinctive geochemical signatures in a melting regime. Mixing of melts with distinctive trace element characteristics thus appears to be a shallow process, rather than an event that takes place in the mantle prior to ascent.
The offset in chemical composition between the melt inclusions and the lavas also has implications for the origin of the melt inclusions and the pathways of melt migration from depth to the surface. The central pieces of evidence are first that the melt inclusions are derived from greater extents of melting than the lavas, and second that the range in sources of the melt inclusions is slightly greater than but overall similar to that of the lavas.
One possible explanation for the first observation would be that only the more depleted lavas contain abundant olivine, and so the more depleted melt inclusions reflect a sampling bias caused by which samples were selected for melt inclusion study. This appears not to be the case for the following reasons. First, one of the samples selected was the most enriched sample in the segment, a true enriched (E)-MORB (NR-DR3). Notably, the olivines in this sample contain only depleted high-Mg inclusions (see Table 2 ). Second, within other samples, the average melt inclusion composition is more depleted than the lava composition (see the respective values of the La/Sm ratio in Table 2 ). The greater depletion of the high-Mg inclusions relative to the lavas thus appears to be a robust feature of the dataset. The challenge is then to understand this observation in the context of the ridge melting regime.
A possible explanation for these results comes from a consideration of the geometry of the melting regime, using the melting triangle and 'residual mantle column' (RMC) concepts presented by Langmuir et al. (1992) , coupled with the proposal of melt extraction through high-porosity channels at the base of the lithosphere as proposed by, for example, Sparks & Parmentier (1991) , Spiegelman (1993) , Katz (2008) and Hebert & Monte¤ si (2010) (Fig. 16) . In these models, melts produced in the melting zone rise buoyantly to the thermal boundary layer at the base of the lithosphere where they crystallize and form a permeability barrier. A high-porosity channel then develops along the base of the sloping lithosphere, allowing melt to flow diagonally upwards towards the ridge axis.
Although the melt inclusions record a very large diversity of melt compositions, the compositions are biased toward high-degree melts from the upper portions of the melting column. Even inclusion compositions from more enriched sources in this region are derived by high extents of melting (Fig. 14) . The lavas, on the other hand, seem to be pooled melts from the entire melting regime.
The implication of this result is that melts formed at the edge of the melting regime, produced at great depth, are transported along high-porosity channels at the top of the melting regime and arrive at the surface without having been trapped as olivine-hosted melt inclusions. Melts from the center of the melting regime, however, are formed over pressure intervals that extend all the way to the surface, and temperatures of melt formation and of olivine . Schematic illustrations of (a) the melt focusing model of melt channeling at mid-ocean ridges as proposed by Sparks & Parmentier (1991) , Spiegelman (1993) , Katz (2008) and Hebert & Monte¤ si (2010) (Fig. after Spiegelmann, 1993 and Hebert & Monte¤ si, 2010) , and (b) our model of melt extraction at FAMOUS. In the melt channeling model, melts are produced in the melting zone and rise buoyantly (small arrows) to the thermal boundary layer at the base of the lithosphere, where they crystallize and form a permeability barrier. A high-porosity channel develops along the base of the sloping lithosphere, allowing melt to flow toward the ridge axis. Gray dotted lines represent the solid flow streamlines. In our model, high-Mg melt inclusions are trapped at the top of the melting regime and preferentially record high-degree melts, whereas lavas are representative of the pooled melts that sample the whole melting region. The low-degree melts formed at the edges of the melting regime rise to the thermal boundary layer and then flow toward the ridge axis in the high-porosity channels, and are therefore not recorded in the melt inclusions. The corresponding residual mantle columns (RMC) are shown for the high-Mg melt inclusions and the lavas. The pooled melts at the top of the porosity channels entrain the primitive olivine crystals that enclose the high-Mg melt inclusions; they differentiate and react with the crust before their eruption at the surface. saturation at shallow pressure are very close to one another. These melts may also form sills in the shallow mantle where melt inclusions may form. Whatever the exact physical cause, the data indicate that melt inclusions form preferentially from shallow melts formed at the top of melting regime.
In terms of the RMCs, the central columns represent the greatest extents of melting, forming only the topmost portions of the RMC. These liquids and their olivines are then mixed with the lower-degree melts from the edges of the melting regime that have had a physically separate transport to the surface. Mixing of both deep and shallow melts creates the range of erupted lavas. Lavas then reflect pooled melts from the entire melting regime; melt inclusions represent melts from the top of the melting regime (Fig. 16) . Because melting is largely fractional, this also permits late-stage, highly depleted fractional melts from the top of the melting regime to be represented in the inclusion compositions.
All these results imply that a simple continuous melting column model, such as the one proposed for the FAMOUS lavas by Langmuir et al. (1977) and for the study of MAR melt inclusions by Sobolev & Shimizu (1993) , cannot fully explain the diversity of melts erupted along the FAMOUS segment. Source heterogeneity is a critical factor, at least in this region, in creating the diversity of melt inclusion and lava compositions. Furthermore, the melt inclusions do not reflect the fractional melting products of the entire melting regime. Instead, inclusions preferentially sample the upper portions of the melting regime. Most melt inclusions are not fractional melts, but are pooled melts from the central portions of the melting regime.
The other surprising aspect of the data we report is the lack of correspondence between trace elements and major elements. For a decompression melting column model, we would expect lower SiO 2 and higher Al 2 O 3 and FeO* contents in the deep, trace element enriched, low-degree melts than in the high-degree melts generated at lower pressures. The most enriched melts of the high-Mg melt inclusions, however, are not characterized by lower SiO 2 than the more depleted high-Mg melt inclusions. In addition, the large differences in extents of melting and source compositions that are apparent from the trace elements are not evident in the rather subdued major element variations. It appears that the trace elements more directly reflect small-scale variations in the source and extent of melting, whereas the major elements are more able to reflect mean properties. This may be a consequence of melt re-equilibration at various pressures that would significantly modify the major element compositions but have little effect on trace element abundances and ratios. In addition, as we demonstrated for the high-Al inclusions, meltr ock reactions can generate significant changes in the major element compositions of mantle melts, whereas the modifications to the trace elements are too small to erase the effects of melting and mantle source variability. The detailed relationship between major and trace element variations, however, poses many questions that remain to be fully explored.
In comparison with previous studies (e.g. Langmuir et al., 1977; Shimizu, 1998; Laubier et al. 2007) , our new view of the FAMOUS area from a combined lava and melt inclusion study reveals much greater detail and complexity. Source heterogeneity is a central feature of the diversity of magma compositions. Melt inclusions are not representative of the total range of parental magmas, and are instead biased towards high-degree melts from the top of the melting regime. Furthermore, although instantaneous fractional melts are occasionally present in melt inclusions, most of the inclusions represent pooled melts from the central columns of the melting regime. Major elements in melt inclusions and some lavas are also influenced by interaction between the ascending melts and the cumulate pile that must be traversed for the magmas to reach the surface.
C O N C L U S I O N S
Our study presents an extensive and currently unique major and trace element dataset for olivine-hosted melt inclusions from 14 samples from a single mid-ocean ridge segment, the FAMOUS segment of the Mid-Atlantic Ridge, which can be compared with an exhaustive study of lavas from every station in the segment (Gale et al., in preparation) . The study of multiple samples from a single ridge segment, and the comparison between lavas and melt inclusions, permits a new perspective on the processes involved in the formation of melt inclusions and how they relate to the erupted lavas. Our results can be summarized as follows.
(1) Major element re-equilibration after melt entrapment in the host crystal has been recognized in some of the FAMOUS melt inclusions. Using the correlation between Yb and Fe observed in the lavas, corrections have been made to variable rather than constant Fe contents, avoiding the common correction to constant FeO that eliminates all initial variations. 
